Aims/hypothesis Insulin has anti-inflammatory effects in short-term experiments. However, the effects of chronic insulin administration on inflammation are unknown. We hypothesised that chronic insulin administration would beneficially alter adipose tissue inflammation and several circulating inflammatory markers. Methods We administered two forms of long-acting insulin, insulin glargine (A21Gly,B31Arg,B32Arg human insulin) and insulin detemir (B29Lys[ε-tetradecanoyl],desB30 human insulin), to LDL-receptor-deficient mice. After 8 weeks on a diet that causes obesity, hyperglycaemia, adipose tissue macrophage accumulation and atherosclerosis, the mice received subcutaneous glargine, detemir or NaCl (control) for 12 weeks. Serum amyloid A (SAA) and serum amyloid P (SAP), metabolic variables, adipose tissue macrophages and aortic atherosclerosis were evaluated.
Introduction
Visceral obesity is associated with the accumulation of macrophages in adipose tissue [1] [2] [3] . Adipose tissue inflammation is, in turn, associated with insulin resistance, a tendency to develop diabetes, systemic inflammation and a predisposition to atherosclerosis [2] . It has been suggested that cytokines generated by macrophages accumulating in visceral adipose tissue lead to insulin resistance [1, [4] [5] [6] [7] and an increase in circulating inflammatory markers such as C-reactive protein (CRP) and serum amyloid A (SAA) [2, [8] [9] [10] . Both insulin resistance and systemic inflammation are associated with an increased risk of atherosclerotic cardiovascular disease [11] [12] [13] [14] .
Insulin has been shown to have anti-inflammatory properties, which have recently been reviewed [15] . Several studies show that the anti-inflammatory effects of insulin occur after short-term administration of the hormone [16] [17] [18] . These changes are associated with inhibition of proinflammatory cytokines. However, chronic insulin treatment can lead to weight gain in both type 1 and type 2 diabetes [19] [20] [21] . Obesity is associated with an increase in inflammatory markers such as CRP and SAA [22] [23] [24] . In the intensively treated arm of the DCCT, participants who gained the most weight had increased circulating levels of CRP, a marker of systemic inflammation [25] . This effect could be potentially deleterious, because CRP is a powerful predictor of cardiovascular disease [26] . Interestingly, CRP levels decreased in intensively treated diabetic individuals who gained the least weight or actually lost weight in this trial [25] . Thus, potentially beneficial anti-inflammatory effects of insulin could be outweighed by potentially adverse effects of insulin on adiposity. Moreover, it is unclear whether there is a difference between acute and chronic administration of insulin on inflammation.
LDL-receptor-deficient (Ldlr −/− ) mice fed a diabetogenic diet plus 0.15% (wt/wt) cholesterol have adipose tissue inflammation with macrophage accumulation, systemic inflammation-measured as an increase in circulating levels of the inflammatory marker SAA-and accelerated atherosclerosis, similar to what is seen in humans with type 2 diabetes and the metabolic syndrome [2] . Thus, this is a good model to study the long-term effects of insulin on chronic inflammation.
Insulin glargine (A21Gly,B31Arg,B32Arg human insulin) and insulin detemir (B29Lys[ε-tetradecanoyl],desB30 human insulin) are two currently available long-acting insulin analogues widely used to provide basal insulin coverage in patients with diabetes. In this study we administered these two forms of long-acting insulin to Ldlr −/− mice in an attempt to dissect out the effects of chronic insulin administration on weight gain, adipose tissue and systemic inflammation, and metabolism. Our studies confirm that, in this animal model, weight gain is associated with chronic inflammation, and that, while the chronic administration of insulin does not reduce systemic inflammation, it may be associated with reductions in both adipose tissue inflammation and aortic atherosclerosis. Table 1 for fatty acid composition of the diet) and 36.6% as carbohydrate with 0.15% (wt/wt) total cholesterol (BioServ number F4997, Frenchtown, NJ, USA) until they were sacrificed, and were weighed every week. After 8 weeks on the diet to induce insulin resistance, mice were randomly divided into three groups given once-daily subcutaneous injection of insulin glargine (∼0.6 U/day), detemir (∼0.8 U/ day) or NaCl (154 mmol/l) as a control, respectively, and continued on the diabetogenic diet. As dilution in buffers could affect the potency of the insulins, both preparations were administered undiluted via pen devices (Lantus Solostar pen, sanofi-aventis, Bridgewater, NJ, USA, and Levemir FlexPen, Novo Nordisk, Princeton, NJ, USA) by rapidly withdrawing the pen needle after injection. Thus, dosing was approximate. The final dose of insulin used was determined in dose-finding experiments in which the insulin preparations did not result in significant hypoglycaemia over the 24 h post-injection period. At the end of the study, the harvested tissues were snap-frozen in liquid nitrogen and stored at −70°C until processed. The heart and entire aorta above the bifurcation were removed and fixed with 10% (vol./vol.) neutral-buffered formalin. This study was approved from the Institutional Animal Care and Use Committee of the University of Washington.
Methods

Animals and diet
Analytical methods Blood was obtained after a 4 h fast via the retro-orbital sinus. The blood samples were collected into tubes containing 1% (wt/vol.) sodium EDTA and kept on ice, and then centrifuged to obtain plasma. Blood glucose was measured using a glucose meter (One Touch Ultra, Lifescan, Milpitas, CA, USA). Glycated haemoglobin was measured using a commercially available kit (Pointe Scientific, Canton, MI, USA). Total cholesterol (Genzyme, Cambridge, MA, USA) and triacylglycerols (Roche, Indianapolis, IN, USA) in plasma were assayed with colorimetric kits. Circulating SAA levels were measured by ELISA in plasma, as described previously by Subramanian et al. and Lewis et al. [2, 27] . The antibody used cross-reacts with the inducible hepatic isoforms of SAA, SAA 1.1 and 2.1, and with SAA4, a constitutive form of SAA that is present in low concentrations in plasma. Although the antibody also cross-reacts with the inducible extrahepatic SAA3 isoform, we have previously shown that this isoform is not detectable in plasma [28] . Serum amyloid P (SAP) was measured using an ELISA kit (ICL, Newberg, OR, USA). Plasma levels of cytokines were measured using a Lincoplex kit (Millipore, MA, USA) on a Luminex 100 reader (Luminex Corp, Austin, TX, USA). Lipoprotein distribution was analysed by fast protein liquid chromatography (FPLC), as described previously by Lewis et al. [27] . Hepatic triacylglycerol content was determined following lipid extraction using the Folch method [29] .
Body composition analysis Body composition was performed on conscious immobilised mice using quantitative magnetic resonance (EchoMRI whole body composition analyser [Echo Medical Systems, Houston, TX, USA]).
Single-label immunohistochemistry Macrophages were detected using a rat monoclonal antibody, against MAC2 (titre 1:2500, Cedarlane Laboratories, Burlington, NC, USA), in sections of epididymal adipose tissues, as described previously by Subramanian et al. and Han et al. [2, 30] . Area quantifications for MAC2 staining and crownlike structures were performed on digital images of immunostained tissues using image analysis software (Image Pro, Media Cybernetics, Bethesda, MD, USA). Adipocyte cross-sectional area was measured as previously described by Subramanian et al. [2] .
Real-time quantitative PCR Total RNA was extracted from 100 mg of whole epididymal adipose tissue and liver (n=11-14 per group) using the RNeasy Lipid Tissue Kit (QIAGEN, Valencia, CA, USA) and the Agilent Total RNA Isolation Kit (Agilent, Santa Clara, CA, USA), respectively, according to the manufacturers' protocols. After spectroscopic quantification, 2 μg of RNA was reverse-transcribed to cDNA and used for quantification of genes. Real-time quantitative PCR was performed with the TaqMan Master Kit (Applied Biosystems, Carlsbad, CA, USA) using the Applied Biosystems 7900HT instrument. Primer and probe sequences for GAPDH forward primer, 5′-AGCCTCGTCCCGTAGA CAAA-3′; reverse primer, 5′-ACCAGGCGCCCAATACG-3′; probe, Hex-5′-AAATCCGTTCACACCGACCTT CACCA-3′-BHQ1; primers for Saa1. Quantification of atherosclerosis The extent of aortic atherosclerosis was measured by en face analysis of the aorta as well as by analysis of serial aortic sinus sections, as previously described by Subramanian et al. [2] . Total surface area and lesion areas in the studied sections of aortas were quantified using Image J software (NIH, Bethesda, MD, USA). Aortic root analysis for atherosclerotic lesion size was performed on paraffin-embedded sections of the heart. Every third section (4 μm thick) through the aortic sinus (200 μm) was used for lesion analysis after staining with Movat's Pentachrome and total lesion area was measured using Image Pro image analysis software, as previously described by Lewis et al. [27] .
Statistical analysis Data are expressed as means ± SEM. Mean values were compared using ANOVA with Tukey's post hoc analysis, and p value <0.05 was considered statistically significant. Statistical analyses were performed using the GraphPad Prism program (version 5, GraphPad Software, San Diego, CA, USA).
Results
Chronic insulin administration does not worsen weight gain and improves metabolic abnormalities associated with obesity in Ldlr −/− mice Ldlr −/− mice were placed on a diabetogenic diet for 8 weeks to induce hyperglycaemia. In order to study the effects of chronic insulin administration on inflammation, mice were randomly divided into three groups to receive either one of two forms of long-acting insulin, glargine (∼0.6 U/day) or detemir (∼0.8 U/day), or NaCl (control group). Blood glucose levels were similar at baseline (control 10±1.9 mmol/l, glargine 9.7±1.3 mmol/l and detemir 9.5±1.4 mmol/l). All three groups of mice developed similar levels of hyperglycaemia after 8 weeks on the diet (control 13.1±2.9 mmol/l, glargine 13±2.8 mmol/l and detemir 15.8± 3.8 mmol/l; p=NS) and prior to administration of insulin. Both long-acting forms of insulin were administered via pen devices in the undiluted form, because dilution alters the pH of the formulation and can lead to altered absorption. Animals were continued on the diabetogenic diet for a total of 20 weeks. Animals in the insulin-treated (glargine and detemir) groups as well as those in the control group showed equivalent weight gain (control 48.6±3.6 g, glargine 49.1± 4.2 g and detemir 49±2.2 g; p=NS; Fig. 1a ). Body composition analysis also did not show differences in lean or fat mass among groups (Fig. 1b, c) . Glycated haemoglobin levels were reduced to the same extent in both glargine and detemir groups (glargine 4.9% and detemir 5.5%; p=NS), but were significantly lower than in the control group (7.6%, p<0.001 and p<0.01 vs glargine and detemir groups, respectively; Fig. 2 ). Hyperlipidaemia developed in all three groups of animals but was significantly reduced only in the glargine group (Table 1) . Although insulin therapy can suppress NEFA release from adipose tissue, we did not detect any differences in plasma NEFA levels among the three groups (Table 1) . Lipoprotein profiles of animals on insulin therapy showed improvement in lipoprotein cholesterol and triacylglycerol in the glargine group only (Fig. 3a, b) . Although plasma alanine aminotransferase (ALT) levels were not significantly reduced in the insulin-treated mice, hepatic triacylglycerol content was reduced in the glargine group (Table 1 ). These findings suggest that insulin administration, at least with glargine, resulted in improvement of metabolic abnormalities seen in diabetes. Of interest is the observation that neither insulin-treated group increased weight or adiposity more than the control Ldlr −/− mice, despite clearly having improved metabolic control.
Macrophage accumulation in adipose tissue is improved with chronic insulin therapy To assess the changes in adipose tissue morphology and gene expression that occur with insulin therapy, we studied epididymal adipose tissue, as this fat pad is situated intraabdominally with portal drainage and develops significant alterations in obesity [31] . We focused on the epididymal fat depot, as we and others [32, 33] have shown that macrophages accumulate to a far greater extent in this fat depot in mice. Macrophages accumulate in adipose tissue in obesity and are critical players in the pathogenesis of obesity-induced insulin resistance [1, 3] . Gene expression analysis demonstrated that expression of mRNA for the macrophage marker Emr1 was significantly reduced in the glargine-treated group (Fig. 4a) . Expression of mRNA for the monocyte chemoattractant factor, Ccl2, was reduced in a similar fashion (Fig. 4b) . However, no differences were detected among the three groups in expression of either Tnf or Saa3 mRNA (Fig. 4c, d ). We also used immunohistochemical techniques to identify the presence of macrophages within adipose tissue. Immunostaining for the macrophage marker MAC2 showed that chronic insulin therapy with glargine and detemir induced a significant decrease in macrophage content in epididymal adipose tissue (p <0.01 and p < 0.05 vs control, respectively; Fig. 4e, f) . Adipocyte hypertrophy was seen in the epididymal fat pad, but did not differ between the three groups (ESM Fig. 1a ). Crown-like structure density was lowest in the glargine group (p<0.01 vs control; ESM SAA and SAP levels did not improve with insulin therapy The fact that body weights were equal in all groups at the end of the study allowed us to assess the effect of chronic insulin administration on SAA and SAP independent of its effects on body weight and adiposity. In mice, SAA and SAP function as inducible markers of inflammation. SAA1.1 and 2.1 are highly homologous liver-derived isoforms of SAA that are readily detected in the circulation, while SAA3, the extra-hepatic isoform derived primarily from macrophages and adipocytes, is not detected in plasma [28] . We measured circulating levels of SAA (mainly isoforms 1.1 and 2.1) and SAP, both acute-phase proteins that are modestly elevated in the setting of chronic inflammation. SAA and SAP levels were not different among the three groups of animals (Table 1) . Hepatic mRNA levels of Saa were increased in the glargine-insulin-treated animals (p< 0.01 vs control and detemir groups, data not shown), despite their having the best improvement in metabolic profile and greatest reduction in hepatic triacylglycerol levels. As induction of hepatic SAA is believed to occur through effects of cytokine signalling pathways, we measured levels of TNF-α, MCP-1 and IL-6. Only IL-6 was detectable in the plasma and levels were decreased in the glargine group alone (Table 1) . However, this decrease in plasma levels did not appear to decrease hepatic Saa1.1/2.1 mRNA or plasma levels in this group of mice.
Atherosclerosis is reduced in obese diabetic Ldlr −/− mice receiving chronic insulin therapy Aortic atherosclerosis was assessed by en face analysis. Lesion area was reduced in the glargine-treated group (Fig. 5a ). While lesion area also was reduced in the detemir group, the difference vs control did not reach statistical significance. Similarly, aortic root analysis showed a reduction in cross-sectional area of lesions in the glargine group only (Fig. 5b, c) . Atherosclerosis did not correlate with triacylglycerol levels or with circulating SAA or SAP levels.
Discussion
In this study we confirmed that consumption of a diet high in saturated fat and sucrose and containing added cholesterol led to considerable weight gain, increased glucose and insulin levels, dyslipidaemia, macrophage accumulation in intra-abdominal fat, systemic inflammation and atherosclerosis in male Ldlr -/-mice. Moreover, chronic administration of basal long-acting insulin decreased the accumulation of macrophages in adipose tissue, but did not reduce the circulating inflammatory markers SAA and SAP. We used basal insulin therapy without prandial insulin because of technical challenges associated with administering short-acting insulin to rodents, which are nocturnal by nature, and because we were able to achieve good glycaemic control using only basal insulin therapy. Surprisingly, the administration of both forms of long-acting insulin did not result in a further increase in body weight, despite leading to an equivalent improvement in glycated haemoglobin levels. The fact that the body weights of the control group and of both insulin-treated groups were the same at the conclusion of the study allowed us to assess the effect of chronic administration of long-acting insulin on inflammation, independent of the potentially confounding variable of differences in weight. SAA (isoforms 1.1 and 2.1) and SAP are circulating inflammatory markers in mice, in which CRP levels do not increase in response to inflammation [34] . Interestingly, SAA and SAP levels did not decrease in either insulin-treated group. Thus, chronic administration of insulin to mice was not associated with evidence of reduced levels of the circulating inflammatory markers SAA and SAP. Our observation that long-term administration of long-acting insulin did not have a major effect on these circulating inflammatory markers is in contrast to several studies in which acute insulin administration has been reported to reduce circulating markers of inflammation in humans [16] [17] [18] [19] . Therefore, it appears that insulin may have different effects in the acute and chronic settings. Moreover, our findings are consistent with several recent studies in humans demonstrating that chronic therapy with glargine or NPH insulins or with metformin does not improve CRP levels [35] [36] [37] [38] . Even if chronic insulin administration reduced circulating inflammatory markers in humans, this might be offset by the weight gain that frequently accompanies insulin administration [19] [20] [21] , although this may in part be genetically determined [39] . Type 1 diabetic patients in the DCCT who gained the least weight with intensive insulin therapy actually had reduced CRP levels, while CRP increased in those who gained the most weight [25] .
In the present study, we used the epididymal fat pad as a representative sample of visceral fat, as it is the most commonly studied fat depot in the mouse, is easily accessible on dissection and drains directly into the portal circulation. However, it should be noted that site-specific physiological differences exist among adipose tissue depots in humans and rodents [40] [41] [42] ; thus, findings in epididymal adipose tissue are not generalisable to changes occurring in other sites such as, for example, subcutaneous adipose tissue, which is believed to be less inflammatory [2, 31] . Macrophages that accumulate in visceral adipose tissue during the development of obesity [1, 3] generate cytokines, which are believed to play an important role in the pathogenesis of insulin resistance [5] . Exposure of the liver to macrophage-derived cytokines also leads to systemic inflammation [8, 9] , as manifested by the induction of CRP and SAA in humans and SAA and SAP in mice [9, 10] . Therefore, it is somewhat surprising that the reduction of adipose tissue macrophage content and plasma IL-6 levels that occurred with chronic insulin administration in our study did not lead to a fall in circulating SAA and SAP levels. These observations suggest that the induction of these molecules in the liver may not be a direct consequence of cytokines produced by adipose tissue macrophages.
Some differences between glargine and detemir insulin were observed in these mice. In humans, insulin detemir administration has been associated with less weight gain than with glargine [43] [44] [45] . The lesser degree of weight gain that has been seen in humans treated with insulin detemir might lead to less inflammation than in patients treated with insulin glargine. However, in this study, we failed to detect weight differences between the two insulintreated groups and circulating SAA and SAP levels were not improved in either insulin-treated group. Nonetheless, both glargine and detemir insulin administration led to less macrophage accumulation in adipose tissue than in control mice that did not receive insulin. The detemir-treated group showed no reduction in atherosclerosis, despite improved glycaemic control. Only glargine insulin led to an improved lipid and lipoprotein profiles and less atherosclerosis. The improved lipid profile in the glargine-treated mice might be responsible for the reduced extent of atherosclerosis in these animals, even though we were unable to demonstrate a direct relationship between lipid levels and extent of atherosclerosis. Studies reporting correlations between circulating levels of SAA, but not plasma lipid and lipoprotein, and vascular lesions in mice [2, 27] or rabbits [46] suggest that inflammatory molecules such as SAA might play a direct role in atherogenesis. However, we were unable to show any relationship between SAA levels and atherosclerosis in the current study, suggesting that favourable effects on lipids may have overshadowed any effect of these inflammatory markers on atherosclerosis. Differences between the glargine and detemir groups could be due to the pharmacodynamic properties of the two insulins. Some in vitro studies have demonstrated that detemir induces less potent post-insulin-receptor signalling effects in tissues [47] . Our study was not powered to evaluate the differences between the two forms of insulin.
In summary, the lack of difference in weight gain among groups during chronic insulin administration in mice allowed us to eliminate the confounding effect of weight gain. We found that, while chronic insulin therapy with the two long-acting insulins had no effect on circulating levels of SAA and SAP, it was associated with an improvement in adipose tissue macrophage accumulation. These findings highlight the complex mechanisms that underlie chronic inflammation in insulin resistance and its complications, such as atherosclerosis.
